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In the last ten years, there has been an acceleration in the pace at which new catalysts for
the water gas shift reaction are designed and synthesized. Pt-based catalysts remain the best
solution when only activity is considered. However, cost, operation temperature, and deactiva-
tion phenomena are important variables when these catalysts are scaled in industry. Here, a
new catalyst, Au/TiO2-Y2O3 is presented as an alternative to the less selective Pt/oxide systems.
Experimental and theoretical techniques are combined to design, synthesize, characterize and
analyze the performance of this system. The mixed oxide produces a synergistic effect, improving
the activity of the catalyst not only at large-medium temperatures but also at low temperatures.
This effect is related to the homogeneous dispersion of the vacancies that act both as nucle-
ation centers for smaller and more active gold nanoparticles and as dissociation sites for water
molecules. Calculated reaction path points to the carboxyl formation as the rate-limiting step with
an activation energy of 6.9 kcalmol−1, which is in quantitative agreement with experimental mea-
surements and, to the best of our knowledge, it is the lowest activation energy reported for the
water-gas shift reaction. This discovery demonstrates the importance of combining experimental
and theoretical techniques to model and understand catalytic processes and opens the door to
new improvements to reduce the operating temperature and the deactivation of the catalyst.
1 Introduction
The discovery of the catalytic activity of supported gold nanopar-
ticles for the oxidation of CO can be considered a breakthrough
in the development of environmental applied catalysis.1–3 Gold
nanoparticles present activity for many reactions such as propy-
lene epoxidation, hydrochlorination, NO reduction or NO2 de-
composition,4 however, CO oxidation,5,6 and water-gas shift,
WGS,7–9 reaction stand as the two main applications for this sys-
tem. During the last twenty years, different approaches have been
explored to boost the activity of these supported catalysts for the
WGS reaction. The nature of the metal10–13 and the configura-
tion of the catalyst14,15 are the two most used routes. The sub-
stitution of gold by other metals such as Cu,11 Pt,12,13 or Ni10,16
was recursively used as a method to explore the activity of new
catalysts. Inverse configurations, in which the metal is used as the
support for oxide nanoclusters, also produce very active catalysts
when compared to others that were synthesized using conven-
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tional configurations.15
Although some studies present the effect of the oxide as in-
direct,17 the bifuctional nature of the catalyst and the key role
of the oxide has been confirmed.18 While CO is preferentially
adsorbed on the metallic centers, water dissociation takes place
on the oxide. This bifunctional nature increases the difficulty in
the design of new active catalysts. The catalyst should present
not only both active centers but also optimize their distribu-
tion to minimize the transport phenomena between both sites.
New configurations have been proposed following these design
premises.9,15 For instance, the adsorption of metallic clusters and
CeOx nano islands on TiO2 produces highly active catalysts for
the WGS reaction.9,19
The modification of the oxide surface has also been demon-
strated as an effective strategy to increase the activity of other
reactions that require a bifunctional catalyst such as the CO pref-
erential oxidation, PROX. We have recently reported how Y dop-
ing on anatase TiO2 modifies the surface creating vacancies.
20
These vacancies are homogeneously distributed on the surface
and act as preferential adsorption sites for O2 and nucleation cen-
ters for very small and well-dispersed gold nanoclusters.21 The
similarities between PROX and WGS reactions potentially make
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the Au/TiO2-Y2O3 system a good candidate for the WGS reaction,
too.
2 Experimental and theoretical methods
2.1 Synthesis and characterization
The support was synthesized by a sol-gel method using titanium
tert-butoxyde and yttrium nitrate as metallic precursors. A mix-
ture of H2O/NH3 (28.5/1 ratio) and 1-buthanol were used as
hydrolysis agent and the solvent respectively. The excess of sol-
vent was eliminated by Soxhlet solid-liquid extraction and the
solid was obtained by calcination at 573 K for 2 h. Gold, 1 wt%,
was incorporated into the support by a deposition-precipitation
(DP) using chloroauric acid (ALDRICH) as metallic source. The
pH of the acid precursor solution was adjusted to 7 by adding
NaOH 0.1 M. The support was added and the solution main-
tained at constant temperature at 353 K during 3 h. Finally, the
solid was washed until Cl-disappearance, dried and calcined for
2 h at 573 K. A more detailed procedure of the synthesis and its
characterisation has been reported in Ref. 21. The BET specific
surface area of the samples was determined by N2 adsorption at
liquid nitrogen temperature in a Micromeritics ASAP 2010 appa-
ratus. The degasification was carried out in vacuum at 423K for
2 hours. Dopant content was determined by X-ray fluorescence
(XRF) using a Siemens SRS 3000 sequential spectrophotometer
equipped with a rhodium tube onto pressed pellets obtaining a 11
wt.% of Y. X-Ray diffraction (XRD) patterns were recorded using
a Siemens Kristalloflex D-501 diffractometer with Cu-Kα radia-
tion (λ = 1.5404 Å) in continuous scan mode over a 2h-range of
20-80◦ using a step size of 0.05◦ and a step time of 1.0 s. TEM
images were taken with a Talos F200S, equipped with a 200 kV S-
FEG (high stability FEG emitter), as well as a condenser lens sys-
tem with all automated apertures, analytical objective lens with
contact power, automated objective aperture and HAADF STEM
detector having a resolution of 0.25 nm.
2.2 Catalytic activity
The catalytic activity of the samples was analyzed in the low tem-
perature WGS reaction over the 420-580 K range . The reaction
was measured in a stainless steel tubular reactor with internal di-
ameter of 9 mm and a height of 0.5 mm, for 0.5 g of the catalysts
with a particle size between 0.4-0.5 mm. The activation of the cat-
alysts was carried out in two steps. The first one with 50 mLmin−1
total flow of 21% O2 in N2, heating from room temperature until
573K during 2 hours. Then, at the same temperature, a 50 mL
min−1 total flow of 21% H2 in N2 was passed over the solid for
2 hours. This pre-treatment was designed to guarantee the re-
moval of non-desired species by oxidation and the metallic state
of the gold nanoparticles. For the reaction, a mixture of 3% CO,
67% N2 (controlled by mass flow controllers) and 30% H2O (con-
trolled by a Gilson® 307 pump) in a total flow of 50 mLmin−1,
was passed throughout the solid with a space velocity (SV) of
6000 cm3g−1cath−1. The temperature was increased from 433/443
K to 573 K in steps of 20 K. For each step, the temperature was
stabilized and data were recorded at steady-state conditions. On-
line analyses of the feed and products streams were performed
on a Varian® CP-4900 Micro Gas Chromatograph equipped with
a Porapak Q a Molecular Sieve 5 Å and a TCD detector. The CO
conversion, %COconversion, during the WGS was calculated as
%COconversion =
(COin−COout) ·100
COin
, (1)
where COin corresponds to CO volume in the inlet and COout rep-
resents the CO volume at the outlet. TOF was calculated as,
TOF=
rCOMAu
DAu
, (2)
where rCO is the reaction rate in molCO converted g−1Aus
−1, MAu is
the atomic weigh of gold and DAu is the gold dispersion that is
estimated based on Au particle size measured by TEM and using
an spherical model,
Dt(%) =
3MAuSF
2NARAuρAuσ
·100. (3)
While SF is the stoichiometric factor, which is assumed as 1:1,
NA is the Avogadro’s number, RAu is the average radius of the Au
nanoparticles, ρAu is the gold density and σ is the atomic cross-
sectional area (0.0649 nm2).16
2.3 Computational details
Periodic DFT calculations were carried out using the VASP
code22–24 and the projector augmented wave (PAW)
method.25,26 Energies were obtained using the generalized
gradient approximation (GGA) implementation of DFT proposed
by Perdew et al.27 and a plane-wave basis set with a cutoff of 400
eV. In all cases, the Brillouin zone was sampled at the Γ point.
Hellmann-Feyman theorem was used to calculate the forces over
the ions including the Harris-Foulkes corrections.28 Geometries
were considered optimized when the forces over all atoms were
less than 0.05 eV Å−1. The transition states of three steps that
usually determines the rate of the reaction: i) water dissociation,
ii) carboxyl formation and iii) carboxyl decomposition,29 were
calculated using the climbing image version of the nudged elastic
band, NEB, algorithm.30 Vibrational analysis were performed
for the transition states to ensure only one imaginary frequency.
Anatase TiO2 (101) slab models with two O-Ti-O trilayers and
a 14 Å vacuum were used to describe the support (Figure 1). A
4×3 supercell in the [010] and [101] directions was created to
replicate the experimental doping load and the size predicted
for gold nanoparticles. Eight Ti atoms were substituted by
Y atoms creating 4 structural oxygen vacancies, Ov, used as
nucleation center for the gold nanoparticle and the adsorption
sites for four water molecules (Figure 1). The Y atoms were
distributed following the most stable pattern increasing the
Y content atom by atom. Y atoms are energetically favored
at surface penta-coordinated positions (X5c) compared with
subsurface positions (X6c) so atoms occupy these positions at
low dopant loading. However, when the Y loading is increased,
the most stable configurations correspond to arrangements in
which half of the Y atoms are in X6c sites in order to avoid Y-Y
repulsions..21 These vacancies, also homogeneously dispersed on
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Fig. 1 Top and side view of the slab models: (a,d) clean doped surface, (b,e) hydroxylated doped surface, (c,f) hydroxylated doped surface with Au10
cluster. Green circles are located in Ov. Colors: Ti = gray, O = red, Y = blue, Au = yellow, and H = white.
the surface to stabilize the Y atoms,21 are crucial to understand
the nanoparticle dispersion and play an important role in the
electronic properties of the gold clusters and its catalytic activity
in the PROX reaction.20 The Y:Ov ratio (2:1) was selected
considering the vacancy formation energy of each Ov once all
the Y atoms were substituted. Removing oxygen atoms from
this model after Y-doping turns to be an exothermic process,
and actually even the fourth O removal, which is the one that
gives the correct stoichiometry, releases 0.08 eV. No electrons are
localise in Ti 3d sates at this Y:Ov ratio. Thus no significative
changes are expected between the use of a pure GGA functional
or the inclusion of a Hubbard term to improve the electron
localisation. A large Au10 nanoparticle, with a similar size
to previous experimentally synthesized nanoparticles,31 was
adsorbed on the surface. The cluster was adsorbed atom by atom
in order to model correctly the gold-surface interaction and its
3D growth on the surface. More details about the surface model
can be obtained in Refs. 20 and 21.
3 Results
The catalytic activity for Au/TiO2, Au/Y2O3 and Au/TiO2-Y2O3
was measured in a range of temperature between 433 K and 573 K
(Figure 2 a). The Au/TiO2 system is used as a reference to evalu-
ate the activity of the other two samples. For instance, while the
Au/TiO2 sample is only active above 500 K, the Au/Y2O3 catalyst
shows activity even below 440 K. However, the most interesting
results are obtained for the Au/TiO2-Y2O3 samples. Au/TiO2-
Y2O3 catalyst duplicates the CO conversion of Au/Y2O3 samples
at 573 K. Thus, a synergistic effect between both oxides that
boosts the activity of the catalyst can be deduced from these data.
Activation energies were calculated at low conversions to study
only the intrinsic reaction mechanism avoiding diffusion contribu-
tions (Figure 2 b). Au/TiO2 samples present an apparent activa-
tion energy of 15.5 kcalmol−1, which is slightly higher that the re-
ported by other authors for rutile TiO2, 10.0−14.3 mol−1.17,32,33
To the best of our knowledge, there are no experimental mea-
surements of the activity of the Au/Y2O3 system. However, its Ea,
8.6 kcalmol−1, is close to the values reported for other oxides such
as CeO2, 8 kcalmol
−1.34 Au/TiO2-Y2O3 catalyst shows even a
smaller barrier, 6.9 kcalmol−1, which is below one of the most ac-
tive gold-based catalyst, Au/CeOx/TiO2, whose Ea is 7 kcalmol
−1.
Actually, activation energies above 6.9 kcalmol−1 have been re-
ported for less selective,35 more expensive but also highly active
Pt-based catalyst.36–38
Although the activation energy for the TiO2-Y2O3 system is
quite low compared to TiO2, the small difference with respect
to the activation energy for the Au/Y2O3 samples cannot entirely
explain the higher activity of the Au/TiO2-Y2O3 catalyst. In a
previous study, we addressed the high activity of this system for
the PROX reaction as an effect of the redispersion of the gold
nanoparticles.20 TEM images were used to compare the distribu-
tion and size of the metal over the support (Figure 3 a). A reduc-
tion of more than a 50% in the average size of the gold nanopar-
ticles is observed comparing the size distribution (Figure 3 b) on
the TiO2-Y2O3 support (8.0 nm) with respect to the Au/TiO2 and
Au/Y2O3 samples (18.3 nm and 21.7 nm respectively). Addition-
ally, XRD patterns for the TiO2-Y2O3 oxide only present anatase
reflections with no apparent displacements with respect to the
anatase peaks in the TiO2 samples (Figure 4). These patterns
suggest the predominant presence of well dispersed Y atoms on
the surface of the oxide with no crystalline domain, which is in
agreement with TEM images. The combination of XRD patterns
and TEM images with previous DFT results20 demonstrates the
importance of the homogeneous distribution of Y on the surface
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Fig. 2 a) CO conversion for Au/TiO2 (yellow), Au/Y2O3 (orange) and
Au/TiO2-Y2O3 (blue) catalysts. b) Arrhenius plot for Au/TiO2 (yellow),
Au/Y2O3 (orange) and Au/TiO2-Y2O3 (blue) catalysts.
of the oxide creating well-dispersed vacancies and producing the
dispersion and size reduction of the gold nanoparticles. This find-
ing represent another of the advantages of the TiO2-Y2O3 support
compare to TiO2 . While very specific protocols or more expensive
techniques are mandatory to reduces the gold nanoparticle aver-
age size and boost the activity on TiO2, very small gold nanoparti-
cles are directly obtained with a fast and inexpensive method such
as DP on the TiO2-Y2O3 oxide. The smaller the nanoparticles,
the higher the percentage of under-coordinated gold atoms at the
perimeter of the gold-oxide interface. These atoms are the most
active centers for the CO oxidation because of the bifunctional
nature of the catalyst. CO have to be adsorbed at the perimeter of
the nanoparticle to react with the hydroxyl groups on the surface
of the oxide. Moreover, while the reported competition between
the gold and water for the vacancies was not critical for the PROX
reaction,20 the presence of water molecules around the vacan-
cies and next to the nanoparticles creates a reservoir of hydroxyl
groups for the reaction close to the active centers that is crucial
in the case of the WGS reaction.
In addition to the extremely low activation energy, the
Au/TiO2-Y2O3 samples present high reaction rates and turn over
frequencies, TOF. A TOF of 0.3 s−1 was obtained for the Au/TiO2-
Y2O3 samples at 573 K. There is a extensive literature reporting
TOFs for the WGS reaction using supported gold nanoparticles
as active centers (Table 1). Several authors have reported values
ranging from 5.6·10−5 to 3.8 s−1 for Au/TiO2,33,39–41 3.9 s−1
on Au/CeO2,
42 and up to 11 s−1 for Au/CeOx/TiO2.41 Although
TOF values are normalized by the amount of active centers, there
are many operating variables such as temperature, pressure, con-
tact time, spatial velocity, conversion, or reactants proportion in
the gas mixture that make the comparison of different studies a
difficult task. In this case, our TOF values are within the range of
others gold-titania catalysts.33,39–41 Recently, Ma et al. have re-
ported the catalytic activity of Au/MxOy/TiO2 systems using sim-
ilar operating parameters to the ones used in this work.43 The
reaction rates are compared in Fig 5. Our Au/TiO2-Y2O3 catalyst
is not only approximately 10 times more active than the Au/TiO2
catalyst– but also, when compared with other promoters such as
holmium, being less expensive and more abundant.
Atomistic models were combined with DFT calculations to ra-
tionalize and understand the origin of the extraordinary low ac-
tivation energy. Because of the bifunctional nature of the cat-
alyst, both water dissociation and CO activation were studied.
Water molecules are preferentially adsorbed on the structural va-
cancies of the surface,21 presenting an adsorption energy, Eads,
around −26.5 kcalmol−1 (Figure 6 a). This value stands out when
it is compared with other adsorption sites on the surface, at least
10.5 kcalmol−1 less stable than the vacancy site. The differences
between the vacancy as adsorption site and other surface sites
increase when the thermochemistry of the water dissociation is
considered. While water dissociation is exothermic at the vacancy
by −9.0 kcalmol−1, the process is endothermic by 6.7 kcalmol−1
at other sites of the surface. CI-NEB calculations were carried
out to quantify the activation energy for the water dissociation
at the vacancy but the process takes place with no apparent bar-
rier. This finding shows that there should be an important hy-
droxyl reservoir next to the nanoparticles with respect to other
surfaces where water dissociation presents higher barriers such
as rutile TiO2
46 (0.32 eV), anatase TiO2
47,48 (0.14-0.24 eV) or
CeOx/TiO2
49 (0.04 eV).
In a previous study, we reported that the adsorption of the CO
molecule takes place in edges and corners of the gold cluster, close
to the interface with the surface.20 For this reason, this section
focuses on the oxidation of the adsorbed CO molecules with the
dissociated water molecules. Near-ambient-pressure X-ray photo-
electron spectroscopy (NAP-XPS) and infrared reflection absorp-
tion spectroscopy (IRRAS) measurements have demonstrated that
for metal-oxide catalysts, the reaction takes places at the inter-
face between both components via a carboxyl intermediate.18,32
We found here that the carboxyl formation is an exothermic re-
action by 9.0 kcalmol−1 with a moderate barrier of 6.9 kcalmol−1
(Figure 6 b,c). The deprotonation of the carboxyl intermediate
presents an even lower activation energy, 5.1 kcalmol−1, and it
is considered almost thermoneutral. Despite the high stabiliza-
tion of the CO2 intermediate on the surface, it should be noticed
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Fig. 3 a) Selected TEM images of the Au/TiO2-Y2O3 samples. Colors: Au = green, Y = blue and Ti = red. b) Gold nanoparticle size distribution for
Au/TiO2, Au/Y2O3 and Au/TiO2-Y2O3.
that the energy values reported at the products label in Figure
6 do not include desorption entropy contributions for CO2 and
H2, that amount for 16.82 kcalmol
−1 and 13.10 kcalmol−1, respec-
tively at 625 K.19 Therefore, carboxyl formation remains as the
rate-limiting step of the catalytic cycle. The experimental appar-
ent activation energy, which can be used as a good approximation
for the rate-limiting step, is in agreement with this theoretical pre-
diction.
4 Conclusions
A combined theoretical and experimental study was carried out
to design highly active gold-based catalyst for the WGS reaction.
Au/TiO2, Au/Y2O3, and Au/TiO2-Y2O3 samples were synthesized
and characterized. The mixed oxide support produces a synergis-
tic effect reducing the size of the gold nanoparticles and boosting
the catalytic activity of the Au/TiO2-Y2O3 sample. High TOFs
and rates are obtained and compared with other studies with
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Table 1 Comparison of WGS activity of Au-metal oxide catalysts. Units: temperature, T, in K, CO conversion, XCO, in %, space velocity, SV, in
cm3g−1cath−1, turn over frequency, TOF, in s−1.
Sample Au wt.% T % CO % H2O % H2 XCO SV TOF
Au/TiO2-Y2O3 1 573 3 30 70 6000 3.0 · 10
−1
Au/TiO2
40 (WGC)a 1.57 573 4.76 35.38 28.46 52 15000 1.3 · 10−1
Au/TiO2
40 (DP)b 2.36 573 4.76 35.38 28.46 85 15000 1.6 · 10−1
Au/TiO2
40 (LPRD)c 1.38 573 4.76 35.38 28.46 70 15000 1.8 · 10−1
Au/TiO2
33 2.3 393 6.8 11.0 37.4 10 30000 1.5 · 100
Au/TiO2
39 (DP)b 7.9 373 1.0 2.0 <20 12600 9.2 · 10−4
Au/TiO2
39 (Cop)d 21.4 373 1.0 2.0 <20 12600 5.6 · 10−5
Au/Fe2O3
39 (Cop)d 6.1 373 1.0 2.0 <20 12600 9.1 · 10−5
Au/Al2O3
39 (Cop)d 9.2 373 1.0 2.0 <20 12600 1.1 · 10−4
Au/ZnO 39 (Cop)d 11.2 373 1.0 2.0 <20 12600 5.7 · 10−5
Au/CeOx/TiO2
41 625 66.66 33.33 1.1 · 101
Au/CeOx/TiO2
41 625 66.66 33.33 6.5 · 100
Au/TiO2
41 625 66.66 33.33 3.8 · 100
Au/CeO2
42 4.79 513 12.0 22.0 43.0 90 3.0 · 10−1
Au/CeO2
42 3.30 513 12.0 22.0 43.0 90 3.9 · 100
Au/CeO2 (La)
44 0.57 573 11.0 26.0 26.0 80 90000 1 · 100
Au/CeO2-ZnO/Al2O3
45 1.99 523 4.5 30 65 8000 4.3 · 10 −2
a WGC, world gold council.
b DP, depositionâA˘S¸precipitation.
c LPRD, liquid phase reductive deposition.
d Cop, coprecipitation.
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Fig. 4 XRD patterns for Au/TiO2, Au/Y2O3 and Au/TiO2-Y2O3 samples.
more expensive and scarce promoters. But even more important,
an apparent activation energy of 6.9 kcalmol−1 is found for the
Au/TiO2-Y2O3 catalyst. To the best of our knowledge, this is the
lowest activation barrier reported for the WGS reaction. DFT cal-
culations were performed to explore the energy profile of the re-
action. Our results demonstrate the importance of the vacancies
Fig. 5 Effect of MxOy modifiers on the catalytic performance of
Au/MxOy/TiO2 catalysts 43 compared to the rate for Au/TiO2-Y2O3
(dashed line) at 573 K for the WGS reaction.
not only as nucleation centers for the homogeneous dispersion of
the gold atoms but also as preferential adsorption and dissocia-
tion sites for the water molecules. The apparent no barrier disso-
ciation of water results in a reservoir of hydroxyl groups around
the gold clusters which are available for the formation or carboxyl
intermediates in the CO oxidation process. The calculated reac-
tion profile points the carboxyl formation as the rate-limiting step
of the reaction with an activation energy of 6.9 kcalmol−1. This
barrier is in good agreement with the experimental apparent ac-
tivation energy obtained for Arrhenius plot. The reduction of the
activation energy and nanoparticle size, increasing the number
of active centers, opens the door to the design and synthesis of
6 | 1–8Journal Name, [year], [vol.],
Fig. 6 a) Reaction path for the water dissociation at a surface vacancy. b) Reaction profile for the CO oxidation in the WGS reaction. c) Atomistic
models of the most important intermediates and transition states, TSx, of the reaction path. Colors: Ti = gray, O = red, Y = blue, Au = yellow, C = black,
H = white.
other catalysts. This new approach can be combined with the use
of cheaper metals such as Cu19 or the addition of ionic conduc-
tors,50,51 obtaining catalysts with higher conversions that can be
very active at lower temperatures, reducing the common deacti-
vation processes that these catalysts present at higher tempera-
tures.
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